Abstract Dopamine (DA) is an important regulator of neuronal plasticity in the prefrontal cortex (PFC) and plays a critical role in addiction-related neuroadaptation. The Rho GTPases, including Rac1, RhoA and Cdc42, are key regulators of actin cytoskeleton rearrangement that play important roles in dendritic morphogenesis. The goal of the current study was to use cultures of primary PFC neurons to gain a better understanding of the molecular mechanisms underlying DA-induced dendritic morphogenesis, a phenomenon that mimics the increase in DA synaptic transmission observed in the PFC of in vivo cocaine administration. We investigated the effects of repeated DA treatments on dendritic morphology changes in PFC neurons, and identified Rac1 and RhoA as downstream effectors of D1 receptors during the regulation of dendritic morphogenesis. Importantly, we found that D1 receptor-regulated Rac1 and RhoA have distinct roles in the regulation of dendritic morphogenesis after repeated DA treatments. Our data provide the first evidence that Rac1 and RhoA are effectors of D1 receptor signaling during dendritic morphogenesis and represent new signaling molecules involved in longlasting neuroadaptation in the PFC.
Introduction
Cocaine produces widespread effects on the structure of neurons throughout the reward system of the brain, and these changes are believed to underlie long-lasting drug-induced behavioral changes [1] [2] [3] . For example, repeated exposure to cocaine increases the number of dendrites and the density of spines in brain regions involved in reward, such as the nucleus accumbens (NAc) and the prefrontal cortex (PFC) [4] [5] [6] [7] [8] . These changes in dendritic morphology are thought to play key roles in cocaineinduced behavioral plasticity and addiction [9] . Dopamine (DA) receptors of the D1 class (D1 and D5) and the D2 class (D2, D3 and D4) [10, 11] are critically involved in cocaine-induced neurobiological changes [12, 13] . DA, acting on DA receptors, is an important regulator of neuronal morphogenesis in the PFC [14] [15] [16] . This process may play a critical role in producing the effects of DA-releasing stimulants, such as cocaine, on addiction-related neuroadaptation [17, 18] . The main targets of DA terminals in the PFC are pyramidal neurons, and the D1 receptor plays a particularly important role in mediating pyramidal cell morphogenesis after cocaine treatment [14, 19] . Importantly, recent studies have reported that repeated treatment of neurons with DA in vitro may model the effects of repeated cocaine use in vivo [20] . However, the intracellular signaling mechanism that controls this process -particularly the dendritic remodeling -is poorly understood.
Much information has been collected describing dendritic remodeling mechanisms, one of which involves the Rho GTPases. The Rho GTPases, including Rac1, Rho A and Cdc42, are key regulators of actin cytoskeleton rearrangement and play important roles in dendritic morphogenesis [21] [22] [23] [24] [25] . It is generally thought that RhoA and Rac1/Cdc42 have antagonistic effects on dendritic spine morphology: Rac1/Cdc42 promotes the development of new spines, whereas RhoA inhibits spine formation and maintenance [26, 27] . Although many studies have illustrated the importance of Rho family GTPases to dendritic morphogenesis, it remains unclear how the activities of these GTPases are appropriately regulated in response to extracellular signaling events during dendritic morphogenesis [28] [29] [30] [31] .
The goal of the current study was to use primary PFC cultures to gain a better understanding of the molecular mechanism underlying cocaine-induced dendritic morphogenesis. We investigated the effects of repeated DA treatment, mimicking repeated exposure to cocaine, on dendritic morphology changes in PFCs, and we examined the underlying signaling mechanisms. We present evidence that the D1 receptor is critically involved in DA-induced dendritic morphogenesis, and Rac1 and RhoA function as downstream effectors of D1 receptors in the regulation of dendritic morphogenesis. D1 receptor-regulated Rac1 and RhoA have distinct roles in the regulation of dendritic morphogenesis after repeated DA treatment. Additionally, we found evidence of crosstalk between Rac1 and RhoA in the PFC. Our data provide the first evidence that Rac1 and RhoA function downstream of D1 receptor signaling in the PFC to regulate dendritic morphogenesis and that Rac1 and RhoA are thus new signaling molecules involved in long-lasting neuroadaptation in the PFC.
Materials and Methods
Postnatal PFC Cultures PFC neurons were isolated as described previously [16, 20] . Briefly, postnatal day 1 SD rats were sacrificed by decapitation. The PFC was dissected and dissociated with 0.125 % trypsin at 37°C for 10 min. The cells were plated onto coverslips coated with poly-D-lysine (100 μg/ml; Sigma, St. Louis, MO, USA) in 24-well culture plates at a density of 20,000 cells/plate. The cells were planted in DMEM/F12 supplemented with penicillin (100 U/ml) and streptomycin (100 U/ml); after 4 h had elapsed, the medium was replaced with neurobasal medium (Gibco, Auckland, New Zealand) supplemented with 2 % B27 (Gibco) and 0.5 mM glutamine with 0.5 μM AraC added at 2 days in vitro (DIV). The neurons were cultured for an additional 5 days before infection and/or treated with various reagents, as specified.
Drug Treatments
PFC neurons were treated with either phosphate-buffered saline (PBS), DA (1 μM, 30 min) or SKF81297 (1 μM, 15 min) on days 11, 13 and 15 in culture, cells were collected 4 days after repeated treatment (day 19) as previously reported [20] . The D1 receptor antagonist SCH23390 (10 μM) was added 5 min before DA stimulation. The Rac1-specific inhibitor NSC23766 (100 μM) and a specific inhibitor of Rock (which functions downstream of RhoA), Y27632 (100 μM), were added 3 min before DA stimulation.
Virus Production and Infection of PFC Neurons
For lentivirus expression, cDNAs encoding the dominantnegative mutants Rac1 (Rac1N17) and RhoA (RhoAN19) and the active mutants Rac1 (Rac1L61) and RhoA (RhoAL63) were ligated into the BamHI and XhoI sites of the lentiviral vector Plenti6/V5-topo, which expresses enhanced green fluorescent protein (EGFP) bicistronically [32, 33] . Recombinant lentiviruses were produced using the ViralPower Lentiviral Expression System (Invitrogen). The virus was concentrated 10-15× by centrifugation using a Centricon plus-020 filter (Millipore) following the manufacturer's instructions. Aliquots were stored at −80°C. All virus preparations were titered according to the ViralPower protocol and were verified to contain approximately 5×10 8 infectious units/μl. Viral infection was performed by incubating lentiviruses with PFC neurons at DIV7, and the cells were grown for 12 days before fixation.
Analysis of Rac1 and RhoA GTPase Activity G-Lisa™ RhoA or Rac1 luminescence-based Biochem kits (Cytoskeleton, Denver, CO, USA) were used for the small GTPase activation assays. All procedures were performed by strictly following the manufacturer's instructions. Briefly, cells were grown in a 35-mm dish, transfected when indicated, and treated with DA/antagonist on DIV 11, 13, and 15 in culture, then lysed in the provided lysis buffer (including protease inhibitors) at 0 (PBS), 10, 40, 60, 120 min following the last treatment. After correction of the total protein concentration, half of the extract volume (40 μl) was mixed with the provided binding buffer, added to the G-Lisa™ plates and incubated on ice for 30 min. The wells were washed, and active GTPase was detected by specific antibodies in a luminescent reaction measured in a BioTek Epoch™ Ultramicro Spectrophotometer according to the manufacturer's instructions. In parallel, an aliquot from each supernatant extract was analyzed by western blotting to determine endogenous RhoA and Rac1 levels and confirm comparable total protein content between the samples.
Dendrite and Spine Imaging and Analysis
The cultures were incubated with a mouse monoclonal antibody against MAP2 (1:1,000) (Chemicon International, Temecula, CA, USA) [34, 35] to visualize dendrites or a sheep antibody against γ-actin (1:1,000) (Chemicon International) to visualize spines. Primary antibodies were detected with anti-mouse Alexa Fluor 546 or anti-sheep Alexa Fluor 488 (1:600) secondary antibodies (Molecular Probes, Invitrogen, Carlsbad, CA, USA). For this study, we defined spines, acquired using Zeiss LSM710 confocal (Zeiss, Germany), as being less than 3 μm in length [36] , the spines have constricted necks, with heads exceeding 0.6 μm in diameter are defined as mushroom spine, or thin spine with smaller heads, other spines are stubby spine with head widths equal to neck lengths [37] [38] [39] [40] . To determine the density of dendritic spines, we measured the lengths of all dendrites of a given neuron and manually counted the spines (provided that they clearly emanated from the dendrites of that particular neuron) to calculate the number per 10 μm. The dendritic complexity was calculated using a Sholl analysis of ring intersections [4, 41] . For each experimental group, cells from at least three different wells were used, and approximately eight cells from each well were analyzed. The images were acquired using Image Pro Plus version 5.1 (Media Cybernetics, Silver Spring, MD, USA). Dendrites and spines were compared using a one-way ANOVA followed by a Bonferroni post-hoc test. Significance levels were set at p<0.05.
Synaptic Colocalization Imaging and Analysis
On the 19th day of culture, the culture medium was removed carefully and the neurons were washed once with PBS. The neuron cultures were then fixed with freshly prepared 4 % paraformaldehyde and 4 % sucrose in 0.1 M PBS for 30 min. The fixative was pre-warmed to 37°C and allowed to cool to room temperature during the fixation period. Then, the fixed cells were permeabilized at room temperature (RT) for 15 min with 0.2 % Triton X-100 in PBS, blocked in PBS with 1 % BSA for 60 min, and incubated with a monoclonal antibody (all antibodies were diluted 1:100 in 0.4 % Triton X-100 and 1 % BSA) overnight at 4°C followed by the addition of a biotin-conjugated secondary antibody for 1 h at room temperature. The primary antibodies used included a rabbit monoclonal antibody to Synapsin-I, a mouse monoclonal antibody to post-synaptic density protein (PSD-95) (both from Millipore). The cognate secondary antibodies included donkey anti-rabbit IgG (green), and fluorophore-labeled goat antimouse (red). The neurons were imaged using a 40× immersion objective on a Zeiss Axioplan microscope (Zeiss Inc., Oberkochen, Germany). Digital images were acquired with a CCD camera. All images were acquired with AxioUS40V software. For each experimental group, cells from at least three different wells were used, and approximately eight cells from each well were analyzed. All images were acquired using Image Pro Plus version 5.1 (Media Cybernetics). Synapse densities were compared using a one-way ANOVA followed by a Bonferroni post-hoc test. Significance levels were set at p<0.05.
Results

Repeated DA Treatment Induces the Structural Morphogenesis of Dendrites and Spines in PFCs
Repeated exposure to cocaine induces dendritic rearrangement in brain areas, including the PFC, that play critical roles in addiction-related neuroadaptation. Sun et al. recently developed an effective in vitro model system by repeatedly treating cultured neurons with low concentrations of DA to mimic the effects of repeated in vivo cocaine exposure. This system was used to demonstrate that repeated DA treatment can reproduce some key aspects of cocaine-related functional changes, thus indicating that this in vitro model system for studying DA-induced neuroadaptation is useful for the investigation of cocaine-induced neuroadaptation [20] . In the current study, we first investigated whether repeated DA treatment can induce morphogenesis in PFC neurons. PFC neurons were treated with either vehicle or DA (1 μM, 30 min) on days 11, 13 and 15 of culture. Four days after intermittent DA treatment, the cells were analyzed to determine the presence of structural morphogenesis of dendrites and spines. To detect dendritic branching and spine density, the cells were immunostained for MAP2 to highlight the dendritic arbor, and the cells were immunostained for γ-actin to highlight actin-based filopodia and spines [36] . As shown in Fig. 1a , b, d, and e, compared with PBS treatment, repeated DA treatment led to increases in dendritic branching (61.83 % increase, 24±2.374 vs. 14.83±1.794, p<0.001, n=24 neurons) and spine density (19.66 % increase, 9.19±0.36 vs. 6.68±0.32, p<0.001, n=24 neurons) in PFC neurons.
To evaluate the number of synapses on a dendrite, the cells were double stained for the post-synaptic marker PSD-95 and the pre-synaptic marker synapsin I. A synapse was defined as a site where PSD-95 and synapsin I puncta overlapped [30, 31] . As shown in Fig. 1c and f, compared with PBS treatment, repeated DA treatment led to an increase in the number of synapses (53.44 % increase, 4.68 ± 0.70 vs. 3.05 ± 0.28, p<0.001) in PFC neurons.
BDNF, a potent modulator of synaptic plasticity in the CNS [42] [43] [44] , has been shown to be capable of increasing spine density and dendritic branching in several different brain areas [44] [45] [46] . Therefore, we used BDNF treatment as a positive control. We found that dendritic reorganization induced by a low concentration of DA was similar to BDNF-induced dendritic morphogenesis based on morphological criteria (68.0 % increase in dendrite branching, 24.92±1.93 vs. 14.83±1.79, p<0.001; 19.27 % increase in spine density, 9.16 ± 0.25 vs. 6.68 ± 0.32, p <0.001; 53.11 % increase in synapse number, 4.67 ± 0.55 vs. 3.05±0.28, p<0.001, n=24 neurons) ( Fig. 1a-e) .
As a complementary measurement of dendritic complexity, we performed a standard Sholl analysis, which counts the number of dendritic intersections with concentric circles centering on the cell soma and spaced 20 μm apart. As shown in Fig. 1g , we observed an increased dendritic complexity following repeated DA treatment compared to PBS-treated neurons. Meanwhile, BDNF treatment also increased the number of dendritic intersections compared to PBS-treated neurons. Taken together, these data suggest that repeated DA treatment induces the structural morphogenesis of dendrites and spines in PFCs.
The DA-Induced Structural Morphogenesis of Dendrites and Spines in PFC Neurons Is Regulated by D1 Receptors DA D1 receptors play important roles in the regulation of cocaine-induced neuroadaptation [47] [48] [49] [50] . In support of this, we found that SKF81297, an agonist of the D1 receptor, induced an increase in dendritic branching, spine density and synapse number of PFC neurons (Fig. 2a-f ). Sholl analysis also revealed that SKF81297 treatment increased the number of dendritic intersections of the neurons compared to PBS- (Fig. 2g) . To determine whether DA-induced changes in dendritic morphology are regulated by the D1 receptor, we used a D1 receptor inhibitor, SCH23390, to block D1 receptor function. As shown in Fig. 2a-f , pretreatment of neurons with SCH23390 blocked the effects of chronic DA treatment on dendrite number (54.5 % decrease, 10.92±1.17 vs. 24±2.37, p<0.001), spine density (27.31 % decrease, 5.68 ± 0.25 vs. 9.19 ± 0.36, p < 0.001) and synapse number (54.70 % decrease, 2.12±0.61 vs. 4.68±0.70, p<0.001) in PFC neurons. By Sholl analysis, we found that repeated DA treatment induced increasing dendritic intersections, whereas this increase was abolished by pretreatment of neurons with SCH23390 (Fig. 2g) . Collectively, these data suggest that the DA-induced structural morphogenesis of dendrites and spines in PFC neurons is regulated by D1 receptors.
Expression of Mutant Rho GTPase in PFCs
To examine the role of Rho GTPase in dendritic morphogenesis, we first generated lentiviruses bearing fusion proteins of green fluorescent protein (GFP) with dominant-negative (DN) Rac1 (Rac1N17) or RhoA (RhoAN19) or constitutively active (CA) Rac1 (Rac1L61) or RhoA (RhoAL63). Expression of the GTPase-GFP mutants was confirmed by immunofluorescence staining. Immunofluorescence staining with antibodies against GFP and MAP2 demonstrated that these recombinant viruses consistently infected >95 % of the neurons (Fig. 3a  and b) . The effects of expressing Rac1N17, Rac1L61, RhoAN19 or RhoAL63 on the number of dendrites and the spine density of PFCs were examined. We found that expression of Rac1L61 resulted in a slight but significant increase in the number of dendrites and in the spine density, whereas expression of Rac1N17 did not affect these parameters. Expression of RhoAN19 slightly increased the number of dendrites and the spine density, whereas expression of RhoAL63 decreased these parameters (Fig. 3c) . These data are consistent with previous findings indicating that Rac1 promotes spine formation, whereas RhoA inhibits it [25] .
Regulation of Rho GTPase Activity by DA in PFC Neurons
To determine whether DA regulates Rho GTPase activity, we treated PFC neurons with DA (1 μM) at different time points on DIV 11, 13 and 15, and carried out luminescence-based biochemical assays. We observed a marked activation of Rac1 within 10 min after application of DA, with a maximal effect observed at 40 min, whereas RhoA activity was downregulated 10 min after application of DA (Fig. 4a and b) . The data presented in Fig. 4a and b illustrate that repeated DA treatment concurrently upregulates Rac1 activity and downregulates RhoA activity in the PFC. To further probe the interaction between Rac1 and RhoA after DA treatment in the PFC, we analyzed RhoA activity under different conditions. As shown in Fig. 4c , DA treatment caused a 45 % reduction in RhoA activity compared with the control at the 40 min time point. Infection of Rac1L61 for 3 h also caused a 36.4 % reduction in RhoA activity, and when DA was added, RhoA activity was not further reduced. On the contrary, when the PFC was infected with Rac1N17, RhoA activity was significantly increased, and expression of Rac1N17 inhibited the DAmediated downregulation of RhoA activity. These data indicate that Rac1 interacts with RhoA in the PFC and that Rac1 activity is necessary for the DA-mediated downregulation of RhoA activity.
Rac1 Mediates DA-Induced Structural Morphogenesis of Dendrites and Spines in PFCs
Because Rac1 has been reported to contribute to spine formation, we next investigated the function of Rac1 in the regulation of DA-induced structural morphogenesis in PFCs. PFC neurons at DIV7 were infected with Rac1N17 or Rac1L61 lentivirus and treated with either vehicle (EGFP) or DA (1 μM, 30 min) on days 11, 13 and 15 of culture. Four days after intermittent DA treatment, the cells were analyzed to determine the structural morphogenesis of dendrites and spines. We found that expression of Rac1N17 abolished the DA-induced increases in dendrites ( (Fig. 5a, b, d , and e). Similarly, expression of Rac1N17 abated the DA-induced increase in synapse number (55.13 % decrease, 2.1± 0.43 vs. 4.68± 0.70, p<0.001), whereas expression of Rac1L61 enhanced the DA-induced increase in synapse number (25.43 % increase, 5.87±0.61 vs. 4.68±0.70, p<0.001) (Fig. 5c and f) . Meanwhile, we found that NSC23766, a structure-based, reversible, Rac1-specific inhibitor that blocks Rac1 but not RhoA or Cdc42 activation [51] inhibited the DA-induced increase in dendrites (54.67 % decrease, 10.88±1.31 vs. 24±2.37, p<0.001), spine density (27.09 % decrease, 6.7±0.27 vs. 9.19±0.36, p<0.001) and synapse number (56.62 % decrease, 2.03±0.30 vs. 4.68±0.70, p<0.001). In addition, Sholl analysis shown in Fig. 5g indicated an increased dendritic complexity following repeated DA treatment compared to PBS-treated neurons. Interestingly, pretreatment of neurons with Rac1L61 further increased the number of dendritic intersections of the neurons compared to DA-treated neurons. In contrast, pretreatment of neurons with NSC23766 or Rac1N17 decreased the number of dendritic intersections compared to DA-treated neurons. These observations indicate that the activation of Rac1 following DA stimulation mediates the structural morphogenesis of dendrites and spines in PFC neurons. We next focused on the effect of RhoA on the DAinduced structural morphogenesis of dendrites and spines in PFC neurons. PFC neurons were infected with RhoAN19 or RhoAL63 lentiviruses. We observed that expression of RhoAN19 enhanced the DA-induced increase in dendrites (21. (Fig. 6a, b, d and e) . In addition, the expression of RhoAN19 enhanced the DA-induced increase in synapse number (32.05 % increase, 6.18±0.79 vs. 4.68±0.70, p<0.05), whereas expression of RhoAL63 (Fig. 6c and f) . Sholl analysis shown in Fig. 6g indicated that pretreatment of neurons with RhoAN19 further increased the number of dendritic intersections of the neurons compared to DA-treated neurons. In contrast, pretreatment of neurons with RhoAL63 decreased the number of dendritic intersections compared to DA-treated neurons. Thus, RhoA plays a role in DA-induced structural morphogenesis of dendrites and spines in PFC neurons.
RhoA acts via different effectors, including Rho kinase (ROCK), to regulate diverse cellular functions. To determine the means by which RhoA regulates DA-induced dendritic morphogenesis, we analyzed the involvement of ROCK. We treated PFC neurons with Y-27632 (100 μM), a specific inhibitor of ROCK, prior to each DA treatment and analyzed the structural morphogenesis of dendrites and spines in PFC neurons. The number of dendrites (24.75±1.96), spine density (9.08±0.24) and synapse number (4.93±0.62) were not obviously affected (Fig. 6a-f) , suggesting that DA might activate a RhoA-dependent but ROCK-independent signaling pathway to stimulate the structural morphogenesis of dendrites and spines in PFC neurons.
The Involvement of Rac1 and RhoA in the DA-Induced Structural Morphogenesis of Dendrites and Spines Is Mediated by the D1 Receptor To determine whether the involvement of Rac1 and RhoA in the DA-induced structural morphogenesis of dendrites and spines is mediated by the D1 receptor, we first performed biochemical assays to analyze the effect of SCH23390 on the DA-induced changes in Rac1 and RhoA activity. We found that SCH23390 inhibited the DA-induced changes in Rac1 and RhoA activity, indicating that DA signals through the D1 receptor to induce changes in Rac1 and RhoA activity (Fig. 7a) . Next, we sought to determine whether Rac1 and RhoA function downstream of the D1 receptor to regulate dendritic morphogenesis. For these experiments, we used the SKF81297-treated model as described previously [52] . PFC neurons were treated with PBS or the D1-like agonist SKF81297 on DIV 11, 13 and 15. Four days after treatment, the dendrites and dendritic spines were analyzed. As shown in Fig. 7b -g, compared with PBS treatment, SKF81297 treatment led to an increase in dendritic branching (74.78 % increase, 25.92 ± 1.28 vs. 14.83 ± 1.79, p<0.001), spine density (17.71 % increase, 9.04± (Fig. 7b-g ). In addition, the expression of RhoAN19 enhanced the SKF-induced increase in dendrites (20.87 % increase, 31.33 ± 1.53 vs. 25.92 ± 1.28, (Fig. 7b-g ). In addition, Sholl analysis shown in Fig. 7h indicated an increased dendritic complexity following repeated SKF81297 treatment compared to PBS-treated neurons. Pretreatment of neurons with Rac1L61 or RhoAN19 further increased the number of dendritic intersections of the neurons compared to SKF-treated neurons. In contrast, pretreatment of neurons To further determine which spine subtype is changed, spine type analysis was carried out according to the published methods [37] [38] [39] [40] . Dendritic spines were classified into three types, including mushroom spines (spines with constricted necks and heads exceeding 0.6 μm in diameter), thin spines (spines that have constricted necks and small heads), and stubby spines (spines that have head widths equal to the neck length). We found that, compared with PBS treatment, repeated DA treatment led to an increase in thin spine density, not of stubby and mushroom spines. Similar results were found in BDNF or SKF81297 treatment group. Meanwhile, we observed that SCH23390 pretreatment decreased all three type spine density, while RhoAN19 and Rac1L61 pretreatment led to increase of all three type spine, but RhoAL63, Rac1N17, and NSC23766 pretreatment only led to the decrease of thin spine density. Similarly, compared with SKF81297 treatment, RhoAN19 and Rac1L61 pretreatment also led to the increase of all three type spine density, but RhoAL63 and Rac1N17 pretreatment only led to the decrease of thin spine density (Fig. 8a, b, c) .
Discussion
Dendritic remodeling in the adult brain has been strongly implicated in the neuroadaptation that underlies several psychiatric diseases, including cocaine addiction [3, 43] . Similarly, it has recently become clear that the structural plasticity of dendritic spines is associated with synaptic plasticity [53, 54] . In the current study, using the PFC model with repeated DA treatment, we present evidence that DA D1 receptors regulate dendritic morphogenesis through Rac1 and RhoA.
The DA D1 receptor is widely expressed in brain areas involved in reward, including the PFC, and plays a critical role in mediating the cellular and behavioral effects of cocaine [13, 47, 52, 55] . Repeated cocaine exposure causes an increase in DA concentration, resulting in long-lasting dendritic morphology changes in brain reward areas, such as the PFC [17, 56] . DA is one of the most important regulators of neuronal plasticity in addiction-related neuroadaptation [14, [57] [58] [59] . In the PFC, the main targets of DA terminals are pyramidal neurons. Sun et al. recently developed an effective in vitro model system by repeatedly treating cultured neurons with low concentrations of DA to mimic the effects of repeated in vivo cocaine exposure [20] . These authors showed that repeated DA treatment can reproduce some key aspects of cocainerelated functional changes, thus indicating that their in vitro model system for studying DA-induced neuroadaptation is useful for investigating cocaine-induced neuroadaptation [20] . We first set up a similar PFC model with repeated DA treatment, and we found that repeated DA treatment induced the structural morphogenesis of dendrites and spines in PFCs, which is very similar to the effect of cocaine in vivo. Next, we found that pretreatment of PFC neurons with a D1 receptor inhibitor impaired the ability of DA to induce dendritic morphogenesis. Together with our previous data indicating that treatment with SKF81297, an agonist of the D1 receptor, led to an increase in the dendritic branching and spine density of PFC neurons [52, 60] , the current data suggest that the DAinduced structural morphogenesis of the dendrites and spines of PFC neurons is regulated by the D1 receptor.
Dendritic remodeling requires architectural changes in dendrites and spines through modification of the actin cytoskeleton [61] . Previous studies have indicated that changes in spine morphology are controlled by modifications of the actin cytoskeleton that are regulated by small GTPases [18, 22, 48] . The Rho family of small GTPases, including Rac1, RhoA and Cdc42, are key regulators of actin cytoskeleton rearrangement and play important roles in dendritic morphogenesis [21, 48] . We observed marked activation of Rac1 within 10 min after application of DA, whereas RhoA activity was downregulated 10 min after application of DA. Importantly, we found evidence for crosstalk between Rac1 and RhoA in PFC neurons. The expression of Rac1L61 and treatment with DA decreased RhoA activity to a similar extent; however, the effects of Rac1L61 and DA on RhoA activity were not additive. On the other hand, Rac1N17 elevated RhoA activity and inhibited the reduction of RhoA activity that follows DA treatment. These data indicate the complexity of Rho GTPase regulation in dendritic morphogenesis. We have also provided evidence that Rac1 and RhoA are both involved in mediating DAinduced structural morphogenesis in PFCs, and Rac1 and RhoA have distinct functions in the regulation of dendritic morphogenesis after repeated DA treatment.
We tested the hypothesis that Rac1 and RhoA function with the D1 receptor to regulate dendritic morphogenesis after repeated DA treatment. Consistent with this idea, we found that inhibition of D1 receptor function with SCH23390 inhibited the increase in Rac1 activity and the decrease in RhoA activity observed after DA treatment. Meanwhile, we found that expression of a dominant negative Rac1 decreased the SKF-induced increase in dendrites, spine density and synapse number, whereas expression of a CA Rac1 increased the SKF-induced increase in dendrites, spine density and synapse number. Conversely, the expression of dominant negative RhoA enhanced the SKF-induced increase in dendrites, spine density and synapse number, whereas expression of CA RhoA reduced the SKF-induced increase in dendrites, spine density and synapse number. These results indicate that the regulation of dendritic morphogenesis by the D1 receptor may be mediated via Rac1 and RhoA signaling.
In summary, these findings support the hypothesis that the D1 receptor is necessary and sufficient for mediating DAinduced dendritic morphogenesis (Fig. 8d) . Furthermore, regulation of dendritic morphogenesis by the D1 receptor involves the modulation of Rac1 and RhoA activity. In addition, we have provided evidence of crosstalk between Rac1 and RhoA in PFC neurons after DA treatment. These findings suggest a signaling mechanism in which Rac1 and RhoA, regulated by the D1 receptor, differentially modulate dendritic morphogenesis in PFC neurons after DA treatment. These data provide fundamental insights into the signaling pathways controlling cocaine-induced structural morphogenesis, which has been implicated in the persistence of drug addiction.
